Of all the treatment modalities employed to control multiple myeloma, only allogeneic hematopoetic stem cell transplantation is potentially curative, due in large part to a graft-versusmyeloma (GVM) effect. Whereas patients who receive either allogeneic or autologous stem cell transplants for multiple myeloma have similar 3-5-year survival, only allograft recipients appear to enjoy long-term disease-free survival. High transplant-related mortality (TRM) associated with allogeneic stem cell transplantation is currently the major limitation to wider use of this potentially curative modality. This high mortality has been the major impetus for exploration of reduced intensity conditioning (RIC) regimens designed to allow engraftment of allogeneic stem cells. With follow-up now extending to 7 years, it is clear that when compared to myeloablative transplants, RIC allografts are associated with lower TRM; however, reduced mortality comes at a cost of higher rates of disease progression and relapse. Strategies designed to improve the therapeutic index of allografts include the use of more intensive, yet still non-myeloablative conditioning regimens, tandem autologous plus RIC allografts, peripheral blood cells rather than bone marrow, graft engineering to improve the GVM activity while reducing graft-versushost disease, post-transplant maintenance and targeted conditioning therapies such as bone-seeking radioisotopes.
Introduction
There has been significant progress in the treatment of multiple myeloma, a plasma cell malignancy with a current median survival of 3-4 years. New drugs such as thalidomide and botezomib have shown significant activity in multiple myeloma, and when these new agents are combined with more traditional drugs, the response and complete remission (CR) rates are as high as responses achieved with autologous stem cell transplantation (ASCT). 1, 2 ASCT has become the standard of care for many patients with multiple myeloma. Despite these advances, long-term survival with the new drugs or ASCT is rare and virtually all patients recur.
Stem cell transplantation (SCT) from allogeneic donors may be curative for 10-20% of patients with refractory hematologic malignancies and a larger proportion of patients who are transplanted in remission. A graft-versus-myeloma (GVM) effect may be associated with allogeneic SCT in patients with multiple myeloma. [3] [4] [5] In contrast, SCT from autologous or syngeneic donors provide little or no GVM effect. Autologous or syngeneic SCT requires the intensive application of chemotherapy7radia-tion to accomplish eradication of disease or alternate strategies designed to duplicate or mimic the GVM effect.
Although treatment with high-dose chemoradiotherapy followed by allogeneic SCT is capable of producing remissions and long-term survival for patients with multiple myeloma, the transplant-related mortality (TRM) of 25-50%, even in 'goodrisk' patients, limits the application of this approach. Furthermore, as the majority of patients who develop multiple myeloma are older than 55 years and need closely human lymphocyte antigen (HLA)-matched family member or unrelated individuals to serve as stem cell donors, less than 10% of patients are even eligible for allogeneic SCT. Patients who have failed a prior autologous transplant are generally poor candidates for a full-dose allogeneic SCT owing to treatment-related mortality that exceeds 50%.
Graft-versus-myeloma
The entire basis for adoption of reduced intensity conditioning (RIC) allografting is the hypothesis that the GVM effects in multiple myeloma are potent enough to eradicate residual disease. Owing to small patient numbers and heterogeneity of risk factors in registry data, only a few conventional transplant studies to date have been able to identify a GVM effect. A small retrospective report of 37 patients who received conventional allografts for multiple myeloma found that among 15 patients who achieved CR, 11 had chronic graft-versus-host disease (cGVHD), whereas four did not. 6 Individual case reports have documented a GVM effect in association with GVHD when immunosuppression was withdrawn. 7 Small series of patients with multiple myeloma who developed post-allograft relapses and who subsequently were infused with allogeneic leukocytes from their original stem cell donors (donor lymphocyte infusion (DLI)) have clearly demonstrated a GVM effect that was associated with GVHD. [3] [4] [5] 8, 9 In initial studies, 50-70% of patients receiving DLI for relapsed multiple myeloma have been reported to achieve CR. 5, 10, 11 A more recent survey of 25 patients at 15 centers reported CR in only seven (28%) patients who received one or more DLI infusions. 9 In a review of DLI for relapsed multiple myeloma, a GVM effect was noted in 18 of 22 patients who developed GVHD compared to only two of seven patients who did not develop GVHD (P ¼ 0.02). 12 These studies suggest that although clinical GHVD may not be essential for GVM, the relationship between the two is very strong. Retrospective studies of RIC transplants have shown a strong linkage between the development of cGVHD and a diminished risk of relapse (hazard ratio (HR), 0.37, P ¼ 0.02) 13 (Einsele H et al. Blood 2002; 100(Part 1): 635a, abstract). Furthermore, when one compares response rates to DLI among different diseases, it appears that the 'graft-versus-leukemia' effect in patients with multiple myeloma is less potent than other diseases such as chronic myeloid leukemia, chronic lymphocytic leukaemia, mantle cell or follicular lymphoma (Cwynarski K et al. Blood 1999; 94(Suppl 1): 669a, abstract). 14, 15 This suggests that RIC allografting for multiple myeloma is unlikely to be successful unless patients can first be treated to a state of minimal disease. Subsequent studies have confirmed this prediction.
Non-ablative allogeneic transplants
The high intensity conditioning regimens customarily used before allogeneic transplants are designed to produce cytoreduction and immunosuppression sufficient to allow establishment of the donor graft. The demonstrated efficacy of DLI in relapsed allograft patients suggests that the allogeneic GVM effect plays an important role in the cure. This has led to the exploration of RIC regimens, designed more for immunosuppression rather than cytoreduction, with the aim of establishing consistent donor engraftment with while minimizing toxicity and damage to normal host tissues. Furthermore, reduced intensity immunosuppression should minimize or eliminate the period of severe pancytopenia that always occurs after high intensity conditioning. This technique could in theory, once donor engraftment is achieved, allow the GVM effect to operate while avoiding the high TRM.
The most widely used RIC regimen was developed in Seattle based on canine transplant studies where it was shown that reliable allogeneic donor peripheral blood stem cell (PBSC) engraftment could be achieved with a very low dose of total body irradiation (TBI) of 200 cGy and a combination of two potent immunosuppressive drugs including mycophenolic acid (MMF) and cyclosporine. 16 This strategy was applied to 18 patients undergoing allogeneic transplant for multiple myeloma. Seven patients had refractory disease and six had failed a prior autograft. Two patients of the first four rejected the donor graft leading to the addition of fludarabine, which provided additional immunosuppression. 17 There were no further occurrences of rejection following the addition of fludarabine to the regimen. Although only one of 18 died of transplant-related toxicities (TRM), complete responses occurred in only two patients and only three others achieved partial responses. None of the responses were durable. These results suggested that in multiple myeloma, additional cytoreduction would be needed to improve the responses after an RIC allograft.
A second strategy of performing an autologous stem cell transplant followed by an RIC allograft was evaluated in patients with multiple myeloma who had not received a prior high-dose regimen. Patients first have autologous PBSC collected, followed by melphalan 200 mg/m 2 and reinfusion of PBSC to provide cytoreduction and some immunosuppression. Two to 4 months later, after recovery from the first autologous stem cell transplant, patients' received an RIC regimen of 200 cGy TBI, MMF and cyclosporine with allogeneic PBSC. Fifty-four patients aged 29-71 years, median age 52 years, received this tandem auto-allo transplant strategy. All patients were stage II or III and 48% had refractory or relapsed disease. One patient died of cytomegalovirus pneumonia after the initial ASCT, one patient progressed after the ASCT and 52 received the RIC allograft. All 52 achieved full donor chimerism with only one patient requiring DLI on day 84 for partial chimerism. The overall TRM was 22% and the CR rate was 57%. Only four patients developed severe acute GVHD (grades 3-4) and cGVHD developed in 60%. 18 With a follow-up of 48 months after allograft, the survival at 48 months was 69% and the progression-free survival (PFS) was 45%.
There are approximately 370 patients who have received allogeneic stem cell transplants after RIC regimens for multiple myeloma with results reported in full manuscript or abstract form in 13 phase 2 studies (Tables 1 and 2 ). The types of RIC regimens used varied widely and include melphalan 100-140 mg/m 2 often with added fludarabine, TBI 200 cGy, with fludarabine, or sometimes with added cyclophosphamide or low-dose busulfan. Anti-thymocyte globulin (ATG) or the anti-CD52 antibody alemtuzumab have been included with some regimens in order to facilitate engraftment and reduce GVHD. GVHD prophylaxis regimens have included cyclosporine or tacrolimus and MMF or methotrexate. There is currently no consensus on which of these regimens is superior in terms of toxicity or efficacy. Granulocyte colony-stimulating factormobilized PBSC have been used for the majority of studies owing to fewer graft failure/rejections and putatively better GVM effects when compared to bone marrow. Unrelated donors were utilized in 99 transplants. Approximately, 120 of these patients had the RIC allograft performed as part of a tandem strategy following an ablative autologous transplant.
Acute GVHD grades 2-4 occurred in 25-58% of patients. cGVHD was reported in 7-70% of patients. Overall, TRM has ranged from a low of 0% to a high of 41%. Survival has ranged from 50 to 100% at 1 year, 26-74% at 2 years, 36-70% at 3 years and as high as 69% at 4 years. Complete response rates have ranged from a low of 10% to as high as 73%.
One study utilized melphalan 100 mg/m 2 to prepare 45 patients before RIC allografting. These patients had either failed two or three prior autologous transplants, or received the allograft as part of a tandem autologous-allogeneic transplant strategy (n ¼ 12). The patients had a median age of 56 years and donors were all HLA matched; 12 were unrelated volunteer donors. TBI and fludarabine were added to the regimens of patients receiving transplants from unrelated donors. The day 100 TRM was 15%, overall TRM 38, and 64% achieved CR or near CR. Overall survival (OS) at 3 years was poor, only 36%. There was a significantly better survival for patients transplanted as part of the planned tandem strategy versus failed autografts, 86 versus 31%, P ¼ 0.01. 19 Several other studies of RIC allografts from family members or unrelated donors have confirmed that results are poor when patients have failed a prior autologous transplant or have chemotherapy-resistant disease (Hoepfner S et al. Blood 2002; 100(Part 1): 859a, abstract). 20, 21 Two German studies and a study from MD Anderson confirmed 2-year survivals of 26-50% for patients who had failed one or more autologous transplants. A study combining data from several centers including approximately 120 patients found that relapse from a prior autologous transplant was the most significant risk factor for TRM (HR 2.80; P ¼ 0.02), relapse (HR 4.14; Po0.001) and death (HR 2.69; P ¼ 0.005). 13 At least one trial comparing autologous to RIC allograft following relapse from a prior autologous transplant found no differences in PFS and OS. 22 A more recent study has demonstrated that a second autologous transplant performed only after relapse or progression can result in major responses with prolonged survival. 23 Thus, it remains to be determined whether or not an RIC allograft or a second autograft is the best choice once patients have failed a prior autograft. Conversely, CR rates and early survivals were very good when a planned tandem, reduced intensity allograft approach was utilized as part of the initial treatment. 18, [24] [25] [26] In one study, the anti-CD52 antibody, alemtuzumab was added to TBI and fludarabine in 20 patients with multiple myeloma undergoing RIC allografting as part of front-line 27 Fourteen of 20 were given DLI post transplant for residual or progressive disease. Although TRM and survival at 2 years were acceptable at 15 and 71%, respectively, the CR rate of 10% was disappointing. The low response rate may have been due to the addition of alemtuzumab, which may have interfered with the GVM effect. In another study, ATG at doses of 2.5-12.5 mg/kg were added to a busulfanfludarabine regimen. The incidences of TRM and GVHD were low at 17 and 27%, respectively, but the CR rate was also relatively low at 24%. 28 Both the studies of Peggs and Mohty suggest that antibodies such as alemtuzumab or ATG to prevent GVHD must be used cautiously and probably at reduced doses as these antibodies may also abrogate the GVM effect.
Recently, the European Group for Blood and Marrow Transplant (EBMT) has summarized registry data containing 229 patients undergoing RIC allogeneic stem cell transplants in 33 centers. 29 The regimens varied widely but almost all utilized fludarabine with a large majority receiving either low-dose TBI, melphalan or cyclophosphamide. Approximately, 50% of the RIC regimens also contained ATG or alemtuzumab. Eighty percent of patients were transplanted with PBSC. Acute GVHD grades 2-4 occurred in 31% of patients and extensive cGVHD was reported in 25%. Although the TRM was low at 22%, the 3-year OS and PFS were disappointing at 41 and 22%. Disease status and duration at transplant, and the use of alemtuzumab for conditioning were found in multivariate analysis to be adverse risk factors for TRM, PFS and OS. The development of limited cGVHD was associated with better OS and PFS, 84 and 46%, respectively, whereas patients with extensive cGVHD had an OS and PFS of 58 and 30%, respectively. Interestingly, patients with no cGVHD had the worst outcomes with an OS and PFS of 29 and 12%, respectively.
More recently, the EBMT has compared RIC with standard ablative conditioning for allografting in multiple myeloma. (C Crawley, personal communication). Between 1998 and 2002, 196 patients conditioned with ablative regimens were compared with 321 patients undergoing RIC conditioning. TRM was significantly lower for the RIC group, P ¼ 0.001. There was, however, no statistical difference in OS between the two groups and PFS was inferior for patients receiving RIC regimens, P ¼ 0.009. This was due to a rate of relapse for the RIC group that was more than double the rate for standard conditioning patients, P ¼ 0.0001.
Randomized trials
Currently no prospective randomized trials exist comparing ablative with non-ablative conditioning regimens for the transplant of patients with multiple myeloma. There are, however, a number of studies reported or underway comparing tandem autologous transplants to a tandem autologousnon-ablative allograft approach. The randomization for these studies was 'genetic', in that patients with available related donors were typed and if an HLA identical donor was identified, they were offered a non-ablative transplant as the second transplant. Although not truly randomized, they provide some comparative data on the relative risks and benefits of the two techniques.
A French trial compared outcomes in 284 patients with multiple myeloma who were at high risk by virtue of elevated beta-2-micoglobulin and deletion of chromosome 13 by fluorescent in situ hybridization. 30 All patients first had an autologous transplant with high-dose melphalan. The 65 patients with HLA-matched donors underwent an allogeneic transplant after conditioning with busulfan, fludarabine and a high dose of ATG 12.5 mg/kg. They were compared to 219 patients without donors who then had a second autologous transplant with melphalan 220 mg/m 2 . TRM was 5% for the tandem auto group compared to 11% for the auto-allo group. The CR and very good partial remission (PR) rates were 51 and 62%, respectively, for the tandem auto and auto-allo groups. With relatively short follow-up, median 2 years, the OSs and event-free survivals (EFSs) were not statistically different, OS 35 versus 41%, and EFS 25 versus 30% for the tandem auto and auto-allo studies, respectively. Although these results indicate that patients with high-risk features do not benefit from a tandem auto-reduced intensity allograft approach, the regimen utilized a high dose of ATG 12.5 mg/kg. This resulted in a low incidence of cGVHD (7%) but a relatively low CR rate (33% of evaluable patients). This study agrees with another report analyzing the outcome of RIC allografting in patients with or without del13. 31 This study demonstrated that del13 was an independent, adverse risk factor for OS and PFS after RIC allografting due primarily to a greater risk of relapse. Whether or not an RIC allograft can overcome this adverse risk factor remains to be determined.
In a more recent study reported at the American Society of Hematology 2005, an Italian consortium compared 54 patients with multiple myeloma undergoing tandem autologous transplant to 54 patients with multiple myeloma who had a tandem auto-allo approach using the Seattle regimen (Bruno B et al. Blood 2005; 106(Part 1): 18a, abstract). The CR rate was 26% with the tandem auto and 54% with the auto-allo group. The TRM was 4 and 11% for the tandem auto and auto-allo groups, respectively. With a 38-month median follow-up, 42% of the tandem auto patients had died, mostly from relapse, compared to only 17% of the auto-allo patients. OSs were 62 and 84% for the tandem auto versus auto-allo groups, respectively, P ¼ 0.003. These early results suggest a possible advantage for the auto-allo approach, although longer followup is needed and questions remain about patient selection bias in this trial.
RIC allogeneic transplant regimens can result in reliable donor engraftment with relatively low TRM compared to highdose regimens. It appears, however, that substantial cytoreduction pre-allografting is necessary owing to a limited GVM effect. Preliminary results suggest the tandem auto/RIC allogeneic strategy can result in CRs in at least 50% of patients with multiple myeloma; similar to what can be achieved with a highdose conditioning regimen. Reduced intensity regimens are another promising strategy to ensure reliable engraftment, low mortality and high response rates, as well as the ability to expand this technique to older patients or patients with comorbid conditions. It will be important, however, to have longer follow-up of patients transplanted with non-ablative regimens in order to document the durability of these remissions and to document the rates and severity of cGVHD.
Patients who relapse after RIC allografting have very limited options. DLI can result responses for 30-50% of patients but few achieve durable responses. In one report, only three of 21 patients given DLI for relapsed multiple myeloma after RIC allografts achieved CRs with another four achieving PRs. 32 DLI also carries significant risk of acute and cGVHD. More recently, it has been shown that thalidomide or bortezomib given along with DLI can improve response rates with very promising OS and PFS at 2 years of 100 and 84% with only a minimal risk of GVHD. 33, 34 These results suggest that early maintenance with novel agents are worth further exploration in an attempt to reduce relapse rates after RIC allografting.
Revisiting ablative allografts
Recently, a US intergroup trial of early versus late autologous transplant was published suggesting autologous transplant produced survival outcomes similar to standard chemotherapy when autologous transplant could be given as salvage treatment. 35 That trial, which was started in 1993, had another arm that allowed patients with matched siblings to undergo allogenic transplant using an ablative cyclophosphamide and TBI regimen. That arm of the study was closed after 36 patients were treated, owing to an excessively high TRM of 53%. With followup, the 7-year OS is identical at 39% for both autologous and allogeneic recipients, whereas the PFS is 15% for autologous recipients at 7 years compared to 22% for allogeneic recipients. Additonally, although there is no plateau in the group that received autologous transplant, the OS curve for the allogeneic group is flat with follow-up extending to 10 years.
The EBMT Registry has reported the largest series of patients receiving allogeneic transplants for multiple myeloma (n ¼ 690) following marrow ablative treatment regimens. 36 The EBMT registry analysis examined transplants performed on 334 patients from 1983 to 1993 and 356 patients from 1994 to 1998. Of the patients transplanted during the latter period, 133 (37%) received PBSC rather than marrow. The most important observation was a marked reduction in TRM from 46 to 30% between the two time periods. The reduction in mortality was a result of fewer deaths from opportunistic infections and interstitial pneumonias. This was due, in part, to better patient selection with less prior treatment and improvements in supportive care. The improvement in results did not appear to be a result of the introduction of PBSC. The OS after 3 years improved from 35% during the 1983-1993 period to 56% during the 1994-1998 period. A phase 2 study utilizing highdose busulfan and mephalan followed by allogeneic PBSC from matched sibling donors in 30 patients with multiple myeloma, has reported a reduction in TRM. 37 The TRM was 16% at 100 days, 30% overall with an 81% CR rate. Survival and PFS at 6 years were 65 and 70%, respectively. Thus, improvements in patient selection and supportive care have narrowed the differences in TRM between ablative (30%) and RIC (20%) allogeneic stem cell transplants. This suggests that there may be strategies to make ablative regimens more tolerable, which would still preserve the cytoreductive benefits of an allograft.
Additional areas of research
Another technique for improving the ability to eradiate residual host myeloma involves the use of targeted radiation delivered by antibodies or chemically specific uptake. High-energy, shortacting radioisotopes linked to bone-seeking compounds have been utilized in this manner. Holmium-166 ( 166 Ho), a betaemitting radiometal with a half-life of 26 h has been linked to DOTMP, a tetra phosphonate chelate to achieve rapid and specific uptake in bone and bone surfaces. In phase 1-2 trials, increasing doses of 166 Ho-DOTMP were given, along with highdose melphalan, followed by autologous SCT. 38 A CR rate of 38% was observed with a median OS in excess of 48 months. Sammarium-153, another high-energy isotope was linked to EDTMP, another tetraphosphonate chelate and studied in 18 patients with multiple myeloma, who received melphalan 200 mg/m 2 following the isotope. 39 CR resulted in five patients with a very good PR in another seven. The samarium isotope has also been given to nine patients in a pilot study along with cyclophophamide as a preparative regimen for allografting in multiple myeloma. 40 Tolerance was very good with only one patient dying from TRM. Responses were disappointing with only two CRs. Further development and studies with targeted radioisotopes are needed.
One probable reason for the high TRM after allografting for patients with multiple myeloma may be related to the primary immunodeficiency in this disease. Thus, improved sources of stem cells such as PBSC that result in earlier engraftment and immune reconstitution 41 should reduce infectious complications.
Future studies of allogeneic marrow transplantation in multiple myeloma should focus on regimens that are less toxic but able to preserve antitumor effects such as radioisotopes linked to bone-seeking chelates 42 or dose-adjusted chemotherapy. 43 It should be relatively easy to combine targeted radiotherapy and dose-adjusted chemotherapy to create a more tolerable regimen. The studies using RIC regimens appear to effectively reduce the early complications and mortality of allogeneic transplants, but are relatively ineffective at eradicating residual disease unless accompanied by cytoreduction delivered with a prior autograft. Such treatments could be combined with infusions of allogeneic donor lymphocytes or subsets of lymphocytes in the form of 'engineered grafts', for example CD4 lymphocytes, which may have a GVM effect without increasing GVHD. 44 It may also be possible to exploit killerimmunoglobulin-like mismatching between donor and recipient, which has been shown to result in improved PFS owing to a reduced rate of relapse. 45 Finally, it may be worthwhile to exploit monoclonal antibodies targeting myeloma cells such as the CD40 antigen, in order to increase the ability of donor allogeneic cells to eliminate residual host disease (Hussein MA et al. At present, allogeneic transplants (ablative and RIC) cannot be recommended outside the context of a clinical trial. If patients are not eligible for trials, RIC regimens should be utilized for elderly patients or patients with co-morbid conditions that preclude an ablative regimen. In most cases, this will require a tandem autologous transplant or novel cytoreductive techniques to most effectively prepare patients for the allograft. In younger, fit patients, the choice of ablative or RIC regimens should ideally be determined by appropriate research priorities within the medical institutions. If studies are not available and the patients or physicians wish to proceed with an allogeneic transplant, current data indicate that an ablative regimen would be preferred.
